Abstract A novel technique to generate high-density plasma-called inductively coupled plasma (ICP), enhanced capacitively coupled plasma (CCP)-is successfully developed. The plasma can be generated using different frequency configurations, such as ICP-enhanced single-frequency capacitively coupled plasma (SFCCP) and dual-frequency capacitively coupled plasma (DFCCP). The characteristics of the plasma in the following frequency combinations are mainly investigated using a Langmuir probe, SFCCP (60 MHz), DFCCP (60 MHz, 13.56 MHz), SFCCP (60 MHz) and inductively coupled plasma (13.56 MHz), DFCCP (60 MHz, 13.56 MHz) and inductively coupled plasma (13.56 MHz). In this letter, the nitrogen and hydrogen mixture gas discharge characteristics of different configurations are studied. After the analysis, we can acquire the electron temperature and ion density. Then, the effect of inductively coupled discharge on SFCCP and DFCCP can be summarized. In our preliminary investigations, the main results can be given as follows. ICP can make the density of SFCCP increase and the distribution of the electron temperature in a radial direction more uniform. In addition, ICP not only can make the ion density of DFCCP increase, but also can improve the radial uniformity. Further experiments may be needed to clarify the mechanism.
Introduction
Low-pressure plasma discharges [1] have played an important role in materials processing, such as thinfilm deposition, dielectric etching in microelectronics engineering, and other surface treatments for decades. Recently, low-temperature plasma modification of the polymer surface has attracted increasing industry attention due to its great advantages. First, plasma treatments can modify the surface within only a few nanometers without altering the bulk properties of the materials [2] . After processing, many of the properties of materials such as being hydrophobic, the diffusion barrier, biocompatibility, printability, and the mechanical or electrical properties can be improved [3−6] . Besides, plasma treatment is a rapid and clean process where a specific element or functional group can be introduced into the surface of the polymer by selecting suitable working gas without changing the nature of the material itself [7−12] . When the plasma irradiates onto the surface, the polymer chain can be degraded by a good quantity of surface reactive species such as free radicals, which then recombine themselves to cross-link the surface or react with a fragment of a gas molecule to form a new superficial functional group. For example, amine groups can be produced by N 2 or the mixture of N 2 /H 2 discharge to improve the hydrophilics of polymer fiber [13−16] . At present, there are several kinds of low-temperature plasma sources with high density, such as electron cyclotron resonance plasma (ECR) [17] , inductively coupled plasma (ICP) [18] , capacitively coupled plasma (CCP) [19] and helicon etc [20−23] . For example, the plasma density can reach 10 11 -10 12 cm
in ECR [24−26] , but the equipment wastes space and is expensive. In addition, due to the existence of the magnetic field, the density is no longer uniform. In DFCCP, the density is not high enough, although the ion flux and ion bombardment energy can be controlled independently [27−29] . Therefore, it is necessary to develop a new kind of plasma source with high density and large area uniformity to satisfy the requirements of industrial application. In the experiment, the electron temperature and ion density of the N 2 /H 2 plasma were detected using an RF-compensated Langmuir probe in the new plasma source.
Multiple-frequency electromagnetic field-excitation technology is used in the new plasma source. We aim to find a better combination of different frequencies that can improve the characteristics of the plasma. A schematic diagram of the experimental setup with the diagnostics system (Langmuir probe) is shown in Fig. 1 . Fig.1 The plasma apparatus
The cylindrical discharge chamber is made of stainless steel. The discharge reactor is mainly composed of two parallel electrodes with a diameter of 13 cm inside the chamber. The upper electrode is driven by a highfrequency power source of 60 MHz, while the lower one is supplied by a power source of 13.56 MHz. The gap of the two electrodes is kept at 5.75 cm, and a oneturn coil is located horizontally at 1.25 cm over the bottom electrode. A magnetic field will be produced when the current flowing in the coil changes, and an RF generator is connected to the coil via an L-type matching network for RF coupling. Some of the vacuum flanges were equipped for gas input and output or plasma sampling in the whole apparatus, and the chamber is cooled by continuous water flow in between the inner and outer walls of the chamber. This is continuously pumped by a mechanical pump at a speed of 8 L/s and a turbo-molecular pump at a speed of 2700 r/min to a background pressure of 10 −5 Pa. Gases are driven into the chamber in the way of show-head through the top electrode. A butterfly vacuum valve at the exit of the reactor and various needle valves at the gas inputs are used to control the pressure, flow rates and relative concentrations of the gases in the discharge mixtures. Rectangular side ports in the chamber allow access for various diagnostic tools. The probe is then inserted through the holes on the side port of the chamber. An RF-compensated cylindrical single Langmuir probe is mounted through one of the ports on the vacuum chamber. The probe consists of a tungsten tip with a diameter of 0.15 mm and a length of 10 mm and is used to measure the plasma parameters. The probe can be moved in a radial direction through one of the ports. The I-V can be acquired by the RF-compensated single cylindrical Langmuir probe. This undergoes smoothing several times using fast Fourier transform (FFT) before numerical differentiation. Then, the ion density, electron temperature and other parameters can be obtained in the software after analysis. In principle, the electron energy probability is
This is proportional to the second differentiation of the I-V , and the electron density (n e ) and effective electron temperature (T e ) are calculated with the EEDF as follows
In the formula, e, m e are the electron charge and mass, and V , I are the probe voltage and current, respectively, with A the probe surface area and ε electron energy.
Results and discussion
In this experiment, the working gas is a mixture of nitrogen and hydrogen and the concentration of hydrogen is 25%. The gas pressure is maintained at 10 Pa (single-frequency capacitively coupled plasma (SFCCP) and ICP-enhanced SFCCP) or 5 Pa (dual-frequency capacitively coupled plasma (DFCCP) and ICP-enhanced DFCCP) by a throttle valve. The 60 MHz power source is fixed at 140 W, while the ICP (13.56 MHz) powers 50 W, 140 W and 170 W, respectively, in the ICPenhanced SFCCP. In the DFCCP source, the highfrequency (60 MHz) power is also 140 W, while the low (13.56 MHz) power is 70 W. The input power of ICP is fixed at 55 W, 188 W and 233 W, separately, in the ICP-enhanced DFCCP. When the discharge is stable, the probe tip driven by the power moves from the edge of the chamber to the centre in a radial direction. The I-V characteristic curves of the five points can be acquired during the plasma-on period, the distance of which to the edge is 1.3 cm, 2.6 cm, 3.9 cm, 5.2 cm and 6.5 cm, separately. As a result, we achieve the study on spatial nonuniformities in ICP-enhanced CCP.
Single-frequency (60 MHz) capacitively coupled plasma
In Fig. 2 (1) and (2), the variations in the ion density and electron temperature in the SFCCP and ICPenhanced SFCCP at a pressure of 10 Pa are shown. With the increase in distance from the edge of the chamber at a power of 140 W, the ion density is almost the same (10 9 cm −3 ) in the SFCCP driven by a power source of 60 MHz. However, the electron temperature decreases significantly from the edge of the chamber to the centre. This can be attributed to electronic and neutral particle collision decomposition after acquiring energy by accelerating along the electric field perpendicular to the electrodes, which causes energy loss and an electron temperature decrease afterwards. But the sheath near the wall is quite thick and some estimation is needed due to the radial T e profile with ambipolar potential and thus many more investigations will be needed in the future.
3.2 Dual-frequency(60 MHz, 13.56MHz) capacitively coupled plasma discharge
The variation of ion density n i in the DFCCP at a pressure of 5 Pa is shown in Fig. 2(3) . It is seen that the ion density increases from the edge (10 9 cm −3 ) to the centre (10 10 cm −3 ). However, the electron temperature remains almost unchanged in the radial direction in Fig. 2(4) under the same conditions as in Fig. 2(3) . The study indicates that introducing the low-frequency RF component to the plasma will cause the sheath to expand and leave less volume for the bulk plasma. This causes plasma density and potential profile flattening in the axial direction of the chamber [19] . Another study showed the nonuniformity of DFCCP, which can mainly be attributed to the edge effect [26] .
3.3 The effect of inductively coupled discharge (13.56 MHz) on singlefrequency capacitive coupling (60 MHz) plasma
The effects of inductively coupled discharge on SFCCP are also shown in Fig. 2(1) and (2) . It can be seen that both ion density and electron temperature increase in the ICP-enhanced SFCCP compared with SFCCP. In the ICP-enhanced SFCCP, the current in the coil changes, and the magnetic field will occur at the same time. As a result, electrons can be confined near the magnetic field. With the same power as SFCCP, the probability of electrons obtaining energy from the electromagnetic field and the rate of collision are increased. This leads to a high ionization rate and correspondingly high ion density. But because of the magnetic field, fast electron energy loss becomes notable, and the electron temperature also decreases from the edge to the centre, and the gap between the highest point and the lowest point in the curve goes down when the ICP power climbs up. Thus, the ion density increases with the ICP power, while the electron temperature decreases. Meanwhile, at a higher ICP power, the uniformity of the electron temperature becomes better.
3.4 The effect of inductively coupled discharge (13.56 MHz) on dualfrequency capacitively coupled (60 MHz, 13.56 MHz) plasma
As given in Fig. 2(3) and (4), it can be observed that the ion density in the ICP-enhanced DFCCP greatly increases compared with the DFCCP. This is due to the existence of inductively coupled discharge. At the higher magnetic field location, the electron impact ionization rate is enhanced, which makes the ion density increase. Because electrons can be confined by the magnetic field and the probability of losing energy becomes great, the electron temperature decreases in general. But when the ICP power increases, the gap between the highest and lowest point of the curve is reduced. It is the ICP power that makes the ion density more uniform (about 10 10 cm −3 ). On the contrary, the electron temperature becomes more uniform at lower power in the ICP-enhanced DFCCP. 
Conclusions
In the experiment, we studied the effect of inductively coupled discharge on capacitively coupled nitrogen-hydrogen plasma using the Langmuir probe. The study indicates that the inductively coupled discharge can increase the ion density compared with SFCCP or DFCCP under the same conditions. On the other hand, the uniformity in the radial direction becomes much better because of the existence of a magnetic field in the additionally inductive coupled plasma. This is beneficial for materials processing in covering much larger areas with better uniformity (Manuscript received 24 October 2012) (Manuscript accepted 25 March 2013) E-mail address of ZHANG Zhihui: xiaohuizhangzhihui@163.com
